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It  is  well  known  that  cell  imbalance  can  lead  to  failure  of  batteries.  Prior  theoretical  modeling  has  shown 
that  similar  failure  can  occur  in  solid  oxide  fuel  cell  (SOFC)  stacks  due  to  cell  imbalance.  Central  to  failure 
model  for  SOFC  stacks  is  the  abnormal  operation  of  a  cell  with  cell  voltage  becoming  negative.  For  inves¬ 
tigation  of  SOFC  stack  failure  by  simulating  abnormal  behavior  in  a  single  cell  test,  thin  yttria-stabilized 
zirconia  (YSZ)  electrolyte,  anode-supported  cells  were  tested  at  800  °C  with  hydrogen  as  fuel  and  air  as 
oxidant  with  and  without  an  applied  DC  bias.  When  under  a  DC  bias  with  cell  operating  under  a  negative 
voltage,  rapid  degradation  occurred  characterized  by  increased  cell  resistance.  Visual  and  microscopic 
examination  revealed  that  delamination  occurred  along  the  electrolyte/anode  interface.  The  present 
results  show  that  anode-supported  SOFC  stacks  with  YSZ  electrolyte  are  prone  to  catastrophic  failure 
due  to  internal  pressure  buildup,  provided  cell  imbalance  occurs.  The  present  results  also  suggest  that  the 
greater  the  number  of  cells  in  an  SOFC  stack,  the  greater  is  the  propensity  to  catastrophic  failure. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  has  been  known  that  cell  imbalance  characterized  by  higher 
resistance  and  lower  capacity  than  the  remaining  cells  in  a  series- 
connected  battery  can  lead  to  failure  of  the  entire  battery  [1-14]. 
During  charging,  voltage  across  such  a  cell  behaving  abnormally 
exceeds  that  across  the  other  cells  exhibiting  normal  behavior. 
Such  a  cell  can  overheat  and  result  in  cell  failure  which  prop¬ 
agates  to  adjacent  cells  leading  to  the  failure  of  the  series  leg. 
Failure  of  battery  packs  due  to  cell  imbalance  can  also  occur 
during  discharge.  There  is  extensive  battery  literature  on  prema¬ 
ture  failure  due  to  cell  imbalance,  a  problem  which  has  defied 
a  satisfactory  solution.  Many  engineering  solutions  have  been 
developed  to  minimize  cell  and  battery  failures.  These  include 
incorporating  additional  circuitry  for  charge  equalization  with 
capacitor/resistor  banks,  and  independently  monitoring  individ¬ 
ual  cells  [4-9,12-14].  Such  an  approach  is  possible  if  the  number 
of  cells  in  a  battery  is  not  too  large.  The  greater  the  number 
of  cells  in  series,  the  greater  is  the  probability  of  cell  imbal¬ 
ance.  It  is  known  that  a  battery  having  as  few  as  10  cells 
is  subject  to  this  problem  and  the  occurrence  of  premature 
failure. 
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There  is  a  significant  parallel  between  batteries  and  fuel  cells 
in  that  both  are  active  electrochemical  devices  and  a  number  of 
them  must  be  connected  in  series  to  realize  a  sufficiently  high  volt¬ 
age  of  practical  value.  In  fuel  cells,  the  problem  is  potentially  more 
serious  for  two  reasons:  (l)The  open  circuit  voltage  (OCV)  of  a  typ¬ 
ical  fuel  cell  is  about  1 V,  compared  to  1.5  V  for  alkaline  batteries 
or  over  3  V  for  lithium  ion  batteries.  Thus,  to  realize  a  given  volt¬ 
age,  a  greater  number  of  fuel  cells  must  be  connected  in  series  than 
typical  batteries,  which  increases  potential  for  imbalance.  (2)  For 
economic  and  practical  reasons,  current  efforts  are  being  directed 
towards  increasing  active  area  of  fuel  cells,  in  some  cases,  as  large 
as  1000  cm2  in  size.  The  greater  the  cell  active  area,  the  greater  is 
the  potential  for  cell  imbalance1  and  premature  failure. 

In  a  recent  paper,  one  of  the  authors  of  this  manuscript  proposed 
a  mechanism  of  failure  in  solid  oxide  fuel  cell  (SOFC)  stacks  due  to 
cell  imbalance  [15].  The  origin  of  failure  lies  in  stack  issues  and  yet 
depends  on  thermodynamics  and  transport  theory  [16-18].  All  dis¬ 
cussion  in  this  paper  is  restricted  to  planar  SOFC  stacks.  A  survey  of 
literature  shows  that  no  discussion  of  SOFC  stack  failures  due  to  cell 
imbalance  has  been  published  (to  the  authors’  knowledge)  with  the 
exception  of  the  above-referenced  recent  paper  [15].  Unpublished 


1  In  batteries,  cell  imbalance  usually  refers  to  differences  in  cell  capacity  and  cell 
resistance.  In  fuel  cells,  cell  imbalance  would  mean  primarily  differences  in  cell 

resistance  and  possible  differences  in  channel  dimensions  restricting  gas  flow,  which 
would  be  analogous  to  battery  cells  having  different  capacities. 
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Nomenclature 

Adel  Fraction  of  interface  area  delaminated 

e  electronic  charge  (C) 

E  Nernst  voltage  (V) 

Eb  DC  bias  voltage 

ES  =  (N-\)E  source  voltage  (open  circuit  voltage  of  (N-  1) 
series-connected  identical  cells) 

F  Faraday  constant  (C  mol-1 ) 

I[  ionic  current  density  through  the  cell  (A  cm-2 ) 

Je  electronic  current  density  through  the  cell  (A  cm-2 ) 

IL  load  current 

kB  Boltzmann  constant 

N  number  of  cells  in  a  stack 

Po2  oxygen  partial  pressure 

Po™b  oxygen  pressure  in  the  atmosphere  (0.21  atm) 

p ^  oxygen  pressure  at  the  interface 

rf  area  specific  cathode/electrolyte  interface  ionic 

resistance  (^cm2) 

rf  area  specific  anode/electrolyte  interface  ionic  resis¬ 

tance  (£2cm2) 

rf  area  specific  electrolyte  ionic  resistance  (^cm2) 
rf  area  specific  cathode/electrolyte  interface  elec¬ 

tronic  resistance  (£2cm2) 

rf  area  specific  anode/electrolyte  interface  electronic 

resistance  (£2cm2) 

rf  area  specific  electrolyte  electronic  resistance 

(£2cm2) 

R  ideal  gas  constant 

R[  =  rf  +  rf  +  rf  area  specific  ionic  cell  resistance  (^cm2) 

Re  =  rf  +  rf  +  rf  area  specific  electronic  cell  resistance 
(£2cm2) 

Rl  load  resistance 

Rs  =  (N  - 1  )Rc  source  resistance  (resistance  of  (N  - 1 )  series- 
connected  identical  cells) 

T  temperature  (K) 

Vc  cell  voltage  (V) 

Greek  letters 

0  electrostatic  potential 

(p  =  -E^  reduced  (negative)  electrochemical  potential  of 
electrons  or  electric  potential  (V) 

(pl  electric  potential  of  the  cathode  (V) 

( pn  electric  potential  of  the  anode  (V) 

/xe  electrochemical  potential  of  electrons 

fie  chemical  potential  of  electrons 

fio2  chemical  potential  of  oxygen 

/xgfode  =  fil02  chemical  potential  of  oxygen  in  the  gas  phase 
at  the  cathode  (just  outside  the  electrolyte/cathode 
interface  in  the  cathode) 

^an°de  _  iji i  chemical  potential  of  oxygen  in  the  gas  phase 
at  the  anode  (just  outside  the  electrolyte/anode 
interface  in  the  anode) 

^electrolyte  cjiemjcai  potential  of  oxygen  within  the  elec¬ 
trolyte 

/x^  chemical  potential  of  oxygen  in  the  electrolyte,  just 
under  the  cathode 

/Xq2  chemical  potential  of  oxygen  in  the  electrolyte,  just 
under  the  anode 


work  has  shown  that  stack  failures  do  occur  even  when  a  single 
cell  in  an  otherwise  normal  stack  exhibits  abnormal  behavior  (high 
resistance). 

One  of  the  authors  of  this  paper  has  proposed  a  model  describ¬ 
ing  failure  of  cationic  and  anionic  conducting  solid  electrolytes  in 
such  devices  as  batteries  and  electrochemically  driven  oxygen  sep¬ 
aration  systems  [19,20].  Subsequent  work  showed  that  electrically 
driven  system  is  fundamentally  different  in  minute  (albeit  impor¬ 
tant)  details  than  a  device  such  as  a  single  SOFC  [21  ].  It  was  shown 
that  chemical  potential  of  a  neutral  species  (e.g.  oxygen,  O2)  inside 
an  electrolyte  of  a  single  SOFC  is  mathematically  bounded  by  cor¬ 
responding  values  in  the  gas  phases  at  the  electrodes,  fifffde  and 

/zgfode.  That  is,  the  chemical  potential  of  oxygen,  fi02  in  the  solid 
electrolyte  of  a  single  SOFC  is  bounded  by  fifjfde  and  fiff2hode;  or 
^an°de  <  ^electrolyte  <  ^cathode  [2i].  Local  equilibrium2  implies  that 

fio2  (as  a  gas)  is  completely  and  uniquely  defined  (consistent  with 
‘local’  conditions)  in  a  fully  dense  electrolyte,  and  assuming  ideal 
gas  law  it  means  fio2  =  +  kBT  In  p023  is  valid  inside  a  fully 

dense  solid  [16-18].  Thus  the  fio2  and  p02  in  a  fully  dense  solid 
electrolyte  are  meaningfully  defined.  This  is  well  known  in  the 
established  transport  theory,  although  its  significance  and  impli¬ 
cations  are  rarely  emphasized  [17,18]. 

The  analysis  shows  that  in  electrically  driven  systems  (such 
as  oxygen  separation  under  applied  voltage),  fi02  in  the  solid 
electrolyte  need  not  be  mathematically  bounded  by  correspond¬ 
ing  values  in  the  gas  phases  [21].  That  is,  the  analysis  shows 
that  [ia™de  >=<  /z“yte  and  /x^ectrolyte  >=<  ficQfod*  or  the 

/^o2Ctr°lyte  can  outside  the  cathode-anode  range  [21].  If  the 
^electrolyte  ^  t00  iow>  jQcaj  eiectrolyte  decomposition  may  occur  by 
a  reaction  of  the  type  Zr02  ->  Zr  +  02.  If  the  ^electrolyte  is  too  large, 
high  internal  /x02  may  lead  to  cracking.  It  can  be  shown  that  oxygen 
gas  can  ‘precipitate’  at  defects  (may  be  small  pores,  grain  bound¬ 
aries,  etc.)  and  force  the  solid  open  -  that  is  force  it  to  crack  [20]. 
Various  transport  parameters  (electrolyte  and  interface)  determine 
if  fiff ctrolyte  falls  below  the  decomposition  potential  or  increases  to 
a  value  high  enough  to  generate  locally  high  internal  pressures  and 
cause  cracking  and  failure  [15,21].  The  general  conclusions  of  the 
work  show  that  whether  the  fio2  is  bounded  or  not  depends  on 
the  relative  directions  of  ionic  and  electronic  currents  through  the 
electrolyte  -  if  ionic  and  electronic  currents  through  the  electrolyte 
are  in  opposite  directions,  /z02  is  bounded;  if  ionic  and  electronic 
currents  through  the  electrolyte  are  in  the  same  direction,  /z02  need 
not  be  bounded  [21  ].  The  magnitude  of  the  electronic  current  may 
be  very  small  compared  to  ionic  current,  but  still  its  direction  is 
important  and  can  have  a  profound  effect  on  membrane  stability 
[21]. 

EE  An  SOFC  stack 

If  all  cells  (repeat  units)  in  a  stack  have  the  same  resistance, 
behavior  of  each  cell  in  the  stack  is  the  same  as  an  isolated  (single) 
SOFC  or  a  repeat  unit.  Flowever,  if  one  (or  more)  cells  exhibit  higher 
resistance  than  the  rest,  such  a  cell  can  be  electrically  driven.  An 
extreme  case  consists  of  a  bad  cell  (one  with  a  higher  resistance) 
being  driven  by  the  rest  of  the  cells  such  that  voltage  across  the 
driven  cell  becomes  negative.  This  is  illustrated  via  the  following 
example.  Consider  a  stack  with  100  cells.  Let  us  suppose  99  of  them 


2  I.  Prigogine’s  Nobel  lecture  (1977),  www.nobelprize.org. 

3  If  the  iio2  is  defined  on  a  per  mole  basis,  the  Boltzmann  constant,  kB,  is  replaced 
by  the  gas  constant,  R. 
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(N-1)  Identical  Cells  with 
area  specific  resistance  Rc 


Normal  cell  operating  voltage 


Driven  cell  operating  at 
a  negative  voltage 


(b) 


II 


h 


Now  /,  =  l-  but  4  *  4 
and 


Bad  Cell 


Fig.  1.  (a)  Voltage  per  cell  vs.  current  density  in  an  SOFC  stack  with  a  total  of  N  cells.  Of  the  cells,  (N-  1)  are  all  identical  with  ASR  =  RC-  and  one  cell  has  a  higher  ASR,  R'c, 
namely  R'c  >  Rq.  (b)  An  SOFC  stack  with  (N  -  1)  identical  cells  and  one  cell  having  a  higher  resistance  and  operating  under  a  negative  voltage.  The  predominant  current 
through  each  cell  is  ionic,  with  the  electronic  current  through  the  cell  being  negligible.  In  the  cell  operating  under  a  negative  voltage,  the  ionic  and  the  electronic  currents 
are  in  the  same  direction. 


are  identical  with  an  area  specific  resistance  (ASR)  of  each  being 
0.5  £2cm2.  However,  there  is  one  bad  cell  with  an  ASR  of  1.5  ^cm2.  If 
the  OCV  is  1 V,  and  99  cells  are  operated  at  0.6  V,  the  current  density 
is  0.8  A  cm-2.  Since  all  cells  are  connected  in  series,  current  through 
the  bad  cell  is  also  0.8  A  cm-2.  As  the  ASR  of  the  bad  cell  is  1.5  ^cm2, 
voltage  drop  across  this  cell  is  1.2  V.  But  the  OCV  for  each  cell  is  1 V. 
Thus,  voltage  across  the  bad  cell  is  given  by  1  - 1.2  = -0.2  V;  that 
is,  bad  cell  operating  under  a  negative  voltage.  Fig.  1(a)  shows  a 
schematic  of  such  a  situation. 

1.2.  Directions  of  ionic  and  electronic  currents  and  chemical 
potentials 

In  terms  of  ionic  current  density,  4,  through  the  electrolyte,  elec¬ 
tronic  current  density,  le,  through  the  electrolyte  (however  small), 
lio2  in  the  electrolyte  just  inside  cathode  (/z£ )  and  just  inside  anode 
(/x^ )  are  given  by  ref.  [21  ]4 

Mo2  =  Mo2  +  4e(r‘7i  -rile)  (1 ) 

Mo2  =  Mo2  -  4e(rf/i  -  rile)  (2) 


4  The  fie,  pbe,  and  /xo2  are  defined  here  on  a  per  molecule  basis.  If  defined  on  a  per 
mole  basis,  the  electronic  charge,  e,  is  replaced  by  the  Faraday  constant,  F. 


where  /z^  =  fi^hode  is  the  /z02  in  the  cathode  gas,  =  /z^ode 
is  the  fio2  in  the  anode  gas,  rf  is  the  ionic  interfacial  area  specific 
resistance  at  the  cathode/electrolyte  interface,  r£  is  the  electronic 
interfacial  area  specific  resistance  at  the  cathode/electrolyte  inter¬ 
face,  rf  is  the  ionic  interfacial  area  specific  resistance  at  the 
anode/electrolyte  interface,  and  r4  is  the  electronic  interfacial  area 
specific  resistance  at  the  anode/electrolyte  interface  [15,21].  The 
oxygen  ion  flux  through  the  electrolyte  occurs  from  the  cathode  to 
the  anode.  Thus,  ionic  current  density  lx  <  05.  When  a  cell  is  oper¬ 
ating  normally,  cathode  is  at  a  higher  electric  potential,  (p  (where 
ip  =  -jle/e  and  Ae  =  /re  -  is  the  electrochemical  potential  of 
electrons,  /xe  is  the  chemical  potential  of  electrons,  e  is  electronic 
charge,  and  0  is  electrostatic  potential)  than  the  anode.  Thus,  elec¬ 
tron  flux  through  electrolyte,  however  small,  occurs  from  anode  to 
cathode.  Thus,  electronic  current  density  Je  >  0.  That  is,  lx  and  Je  are 
of  opposite  signs.  Then,  Eqs.  (1)  and  (2)  become  [15,21] 

/*02  =  Mo2  +  4<?(riC,i  -  refe)  =  Mq2  -  Mrf  'i  |/e|)  <  Mq2  (3) 


5  The  positive  lx'  direction  is  taken  to  be  from  the  cathode  (through  the  electrolyte) 
to  the  anode.  Thus,  oxygen  ions  transport  along  the  positive  ‘ x '  direction,  which 
constitutes  a  negative  ionic  current  since  oxygen  ions  are  negatively  charged. 
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and 

^o2  =  ^ o2  “  4e(ria/i  -  re7e)  =  M o2  +  4e(r?  |/i  I  +  r|  |/e  | )  >  Mo2  (4) 

This  means,  /x*^  >  /x^  >  /xa2  >  /x{J2  [15,21].  That  is,  when  a 
cell  is  operating  properly  (normally),  /x02  within  the  electrolyte 
is  mathematically  bounded  by  corresponding  values  at  the  two 
electrodes  (gas  phases). 

For  the  illustration  with  100  cells,  this  means  99  cells  are  oper¬ 
ating  normally  (the  cathode  at  a  higher  electric  potential,  (p\  than 
the  anode,  cpn ,  or  (px  -  cpn  >0)  but  one  cell  is  operating  abnormally 
(the  anode  at  a  higher  electric  potential,  (pu' ,  than  the  cathode,  <pl\ 
or  (pu '  -  (p1'  >  0).  For  the  cell  operating  abnormally  (negative  termi¬ 
nal  voltage,  anode  at  a  higher  electric  potential  than  cathode),  note 
that  the  direction  of  ionic  current  is  the  same  as  the  rest  of  the  cells 
but  that  of  electronic  current  has  reversed  (Fig.  1(b)).  In  this  cell, 
electron  flow  through  the  electrolyte  also  occurs  from  the  cathode 
to  the  anode.  Thus,  for  this  cell,  T  <  0  and  I'e  <  0.  Then  Eqs.  (1 )  and 
(2)  become  [15,21] 

Mo2  =  Mo2  +  4e(ric'j;  -rcel’e)  =  -  4e(rf  \l[ \  -  (f  | /;  | )  (5) 

and 

<  =  Mo2  -  4e(r?'/;  -  ff /;)  =  +  4 e(rf  \ I!  \  -  rea'  \l'e\)  (6) 

In  Eqs.  (5)  and  (6),  various  parameters  are  given  with  a  ‘prime’, 
namely,  rc\  r£\  rf,  ra\  <pll\  cpv ,  /x^,  and  /x^2  to  emphasize  a  cell 
behaving  abnormally.  A  key  point  is  that  the  magnitude  of  elec¬ 
tronic  current  is  negligible  compared  to  ionic  current  through  all 
cells,  including  the  cell  behaving  abnormally.  Note  that 

/i+/e  =/■+/;  =h  (7) 

where  Ii  is  the  load  current6  measured  in  the  external  circuit.  As 
the  electrolyte  is  an  ionic  conductor,  |/i| ,  |/'|  >>  |/e| ,  |/g|,  and  thus 
/i  =  /[  but  Ie  =/=  I'e-  Important  difference  between  cells  behaving  nor¬ 
mally  and  those  behaving  abnormally  is  the  difference  in  the  signs 
of  /e  and  I'e  (Fig.  1(b)).  The  relative  magnitudes  of  rf  |/'  |  and  r£'  | I'e  | 
determine  whether  /x^  is  greater  or  smaller  than  /x^  (Eq.  (5)), 
and  relative  magnitudes  of  ra  |/'|  and  r|;  |/g|  determine  whether 
/xa  2  is  greater  or  smaller  than  /x[J2  (Eq.  (6)).  Such  a  cell  can  degrade, 
and  degradation  may  propagate  to  adjacent  cells.  This  is  the  funda¬ 
mental  mechanism  of  SOFC  stack  degradation  proposed  previously 
[15]. 

In  ref.  [15],  cathode  activity  was  assumed  to  be  excellent,  that 
is  rf  &  0  such  that  r£'  |/^|  >>  rf  |/'|.  For  this  case,  /x£ J2  « /x^  + 

4ere  |fe|  >  M o2  during  abnormal  cell  behavior.  Should  this  situa¬ 
tion  occur,  cell  degradation  will  manifest  as  cathode  delamination. 
There  are,  however,  many  possibilities  depending  upon  relative 
values  of  transport  parameters  [15,21].  For  example,  if  rf  | /[|  » 
rf'  |/g |  andrf'  |/'|  >>  |/g|,then /xa2  >  /x”2  and/x^  <  /x^.Then 
delamination  may  occur  at  anode/electrolyte  interface.  The  objec¬ 
tive  of  this  work  is  to  experimentally  determine  if  delamination 
occurs  under  abnormal  behavior  and  the  location  of  delamination. 

1.3.  SOFC  stack  with  one  cell  having  a  higher  resistance  than  the 
rest  of  the  cells 

We  consider  an  SOFC  stack  with  N  cells  of  which  (N  -  1 )  cells 
each  has  resistance  Rc,  and  one  (bad)  cell  has  resistance  R'c  such  that 
R'c  >  Rc.  The  Nernst  voltage  for  each  cell  (including  the  bad  cell) 


6  As  f  and  Je  are  current  densities  (A cm-2)  through  the  electrolyte,  /L  is  the  load 
current  defined  per  unit  electrolyte/electrode  interface  area  (A cm-2). 


(a)  <, - (AM) 


+  -  +  - 


Fig.  2.  (a)  A  simplified  equivalent  circuit  for  an  SOFC  stack.  (N  - 1 )  cells  are  identical 
with  resistance  Rq.  One  cell  has  a  resistance  R'c  where  R'  >  Rc.  The  Nernst  voltages 
are  the  same  for  all  cells.  RL  is  the  external  load,  (b)  An  equivalent  circuit  for  the 
same  stack.  The  (N - 1 )  identical  cells  are  lumped  as  Es  =  (N  -  1  )E  and  RS  =  (N-  1  )RC. 


is  E.  A  simplified  equivalent  circuit  (neglecting  low  level  parallel 
electronic  current  [15,21])  is  given  in  Fig.  2(a).  The  net  current  is 
given  by 

k  =  (N-1)Rc  +  Rc  +  rl  (8) 

where  Ri  is  the  load.  Fig.  1  is  a  schematic  of  a  SOFC  stack.  Equivalent 
circuit  by  lumping  (N  -  1 )  identical  cells  into  one  source  is  given  in 
Fig.  2(b)  with  £s  =  (N  -  1  )E  and  RS  =  {N-  1  )RC. 

1.4.  Simulation  of  abnormal  cell  behavior  in  a  stack  by  a  single 
cell  test 


Central  to  the  mechanism  of  SOFC  stack  failure  model  proposed 
in  ref.  [15]  is  the  operation  of  at  least  one  cell  under  a  negative  volt¬ 
age.  In  a  stack  containing  many  cells,  this  can  occur  as  some  changes 
in  cell  and  repeat  unit  characteristics  occur  during  operation,  and 
without  the  experimenter/operator’s  knowledge  unless  voltages 
on  individual  cells  are  monitored.  This  suggests  that  stack  failure 
model  can  be  verified  on  a  single  cell,  provided  it  is  operated  under 
a  negative  voltage  (anode  at  a  higher  electric  potential  than  cath¬ 
ode).  Experimental  arrangement  consists  of  externally  connecting 
a  variable  DC  power  supply  to  a  cell,  in  addition  to  load,  such  that 
the  positive  of  the  power  supply  is  connected  to  the  anode  and 
negative  of  the  power  supply  is  connected  to  the  cathode.  The  cor¬ 
responding  equivalent  circuit  is  shown  in  Fig.  3(a)  (compare  this 
to  equivalent  circuit  for  SOFC  stack  in  Fig.  2(b)).  If  the  externally 
applied  voltage  from  the  DC  power  supply  is  Fb  (which  would  be 
like  Es  for  an  actual  SOFC  stack)  and  if  load  is  Ri  (which  for  SOFC 
stack  is  the  sum  of  Rs  and  load),  voltage  across  the  cell  is  given  by 


VC  =  E-IR'C  =  E- 


f  E  +  Eb 

Uc  +  Kl 


D/  _  ERl  -  Eb  R'c 

c~  R'c  T  Rl 


(9) 


If  EbR'c  <  ERl,  Vc  >  0,  and  the  cell  behaves  normally.  However, 
if  EhR'c  >  ERl,  cell  voltage  will  be  negative,  that  is,  Vc  <  0,  which 
replicates  abnormal  cell  behavior  in  an  SOFC  stack.  Fig.  3(b)  shows 
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Fig.  3.  (a)  An  equivalent  circuit  for  simulating  a  bad  cell  behavior  in  an  SOFC  stack 
using  a  single  cell  test.  Eh  is  external  bias  and  RL  is  the  load,  (b)  A  schematic  of  the 
voltage  vs.  current  plot  for  the  test  procedure  shown  in  (a).  As  the  £b  is  increased, 
the  cell  is  forced  to  operate  under  a  negative  voltage. 


anticipated  voltage  vs.  current  plot  as  Eh  is  varied.  The  objective  of 
this  work  is  to  simulate  such  a  situation  using  a  single  cell  test. 
The  experimental  procedure  and  results  obtained  are  presented 
and  discussed  in  what  follows. 

2.  Experimental  procedure 

2  A.  Demonstration  of  abnormal  behavior  in  an  alkaline  cell 
battery 

The  objective  of  this  experiment  was  to  demonstrate  operation 
of  an  off-the-shelf  alkaline  cell  under  a  negative  voltage  in  a  battery. 
In  order  to  simulate  this  situation,  an  experiment  was  conducted  on 
standard  alkaline  cells  of  sizes  D  and  AAA.  Their  voltage  vs.  current 
characteristics  were  measured.  D  and  AAA  cells  have  different  sizes, 
which  results  in  different  cell  resistances  (and  capacities).  Their 
chemistries  are  the  same,  and  thus  exhibit  the  same  OCV.  Eight  D 
cells  and  one  AAA  cell  were  connected  in  series.  The  voltage  vs. 
current  characteristics  of  the  assembled  battery  (placed  in  a  hood) 
was  recorded.  The  voltage  across  the  AAA  cell  was  also  recorded.  As 
all  cells  were  connected  in  series,  for  any  one  measurement,  current 
through  each  cell  was  the  same. 


Current  Collector:  Porous  LSC 
Current  Collector:  Porous  LSM 
Cathode  Interlayer:  Porous  LSM+YSZ 


Electrolyte:  Dense  YSZ 

Anode  Interlayer:  Porous  Ni+YSZ 

Anode  Support:  Porous  Ni+YSZ 


Fig.  4.  A  schematic  of  anode-supported  cells  comprising  six  layers  used  in  this  work. 


tape  containing  65  wt.%  NiO  and  35  wt.%  yttria-stabilized  zirconia 
(YSZ)  (composition:  8  mol.%  Y203  and  92  mol.%  Zr02),  anode  func¬ 
tional  layer  tape  containing  60  wt.%  NiO  and  40  wt.%  YSZ  and  YSZ 
electrolyte  layer  tape  were  prepared.  These  three  tapes  were  lam¬ 
inated  into  one  tape.  The  laminated  tape  was  punched  into  discs 
of  3.7  cm  diameter,  bisque-fired  at  950  °C  for  2h,  and  sintered  at 
1400  °C  for  2  h.  The  thickness  of  the  electrolyte  was  ~10  p,m.  Porous 
cathode  functional  layer  containing  50  wt.%  LSM  and  50  wt.%  YSZ 
was  screen-printed  on  the  electrolyte  surface  followed  by  firing  at 
1185  °C.  A  layer  of  porous  LSM  was  applied  over  the  cathode  func¬ 
tional  layer  followed  by  firing  at  1165  °C.  Finally,  a  layer  of  porous 
LSC  was  applied  followed  by  firing  at  1100  °C. 

2.3.  SOFC  degradation  testing  by  applying  an  external  DC  bias 

A  cell  was  spring  loaded  in  a  specially  designed  fixture  with 
a  mica  gasket  at  the  fuel  side.  All  measurements  were  made  at  a 
cell  temperature  of  800  °C.  A  gas  mixture  with  10%  H2  and  balance 
nitrogen  was  circulated  over  the  anode  surface  to  reduce  NiO  to 
Ni.  Fuel  was  then  changed  to  ~100%  H2  for  cell  tests  while  air  was 
circulated  past  the  cathode.  The  following  two  types  of  tests  were 
performed.  (1)  Cell  voltage  and  current  density  under  fixed  exter¬ 
nal  load  were  measured  without  applying  a  DC  bias  (Fb  =  0).  After 
cell  voltage  under  load  stabilized,  a  DC  bias  was  applied  (Fb>0) 
using  a  power  supply  to  operate  the  cell  under  a  negative  voltage 
( Vc  <  0)  (Fig.  3(a)).  The  cell  was  operated  in  a  constant  current  mode. 
As  the  cell  resistance  changed  due  to  degradation,  applied  DC  bias 
automatically  adjusted  to  maintain  current  constant.  This  simu¬ 
lates  abnormal  cell  behavior  in  an  SOFC  stack.  This  procedure  was 
repeated  one  more  time,  and  the  test  was  discontinued.  (2)  Per¬ 
formance  characteristics  were  measured  on  another  cell  without 
applying  a  DC  bias.  The  external  load  was  removed,  and  OCV  was 
measured.  Then  a  DC  bias  was  applied  and  the  cell  was  operated 
under  a  negative  voltage  in  a  constant  current  mode.  After  some 
time,  external  bias  and  load  were  removed.  The  OCV  and  cell  per¬ 
formance  characteristics  were  again  measured.  Then  external  DC 
bias  was  applied  and  cell  was  again  operated  under  a  negative  volt¬ 
age  in  a  constant  current  mode.  After  some  time,  external  bias  was 
removed  and  cell  performance  was  measured.  After  each  test  under 
a  negative  voltage,  any  increase  in  cell  ASR  could  be  attributed  to 
damage  created  during  cell  operation  under  a  negative  voltage.  Test 
procedure  is  illustrated  in  Fig.  5. 


2.2.  Solid  oxide  fuel  cell  fabrication 

A  typical  solid  oxide  fuel  cell  used  in  this  work  was  anode- 
supported  comprising  six  distinct  layers  as  shown  in  Fig.  4.  Cells 
were  fabricated  using  the  following  procedure.  Anode  support 


2.4.  Post  test  examination 

After  testing,  cells  were  observed  visually.  Cells  were  also  frac¬ 
tured  and  possible  damage  was  examined  visually  and  by  scanning 
electron  microscopy  (SEM). 
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Fig.  5.  The  protocol  used  for  cell  testing  under  a  negative  voltage. 


2.5.  Generation  and  measurement  of  high  internal  oxygen 
pressures 

To  electrochemically  generate  and  measure  internal  po2  under 
an  applied  voltage,  the  following  experiment  was  performed.  A 
bi-layer  sample  of  YSZ  and  YSZ  +  ceria  was  fabricated.  Some  ceria 
was  added  to  increase  electronic  conductivity  in  part  of  the  sample 


Fig.  6.  A  schematic  of  the  YSZ/YSZ  +  ceria  bi-layer  cell  and  test  procedure.  A  reference 
electrode  is  embedded  at  the  interface  and  is  isolated  from  the  atmosphere  using 
an  oxygen  impermeable  sealing  glass. 


[20].  The  following  procedure  was  used.Sample  fabrication:  A  pow¬ 
der  mixture  with  95  mol.%  8YSZ  and  5  mol.%  cerium  oxide  was  ball 
milled  for  24  hrs.  A  disc  of  3.3  cm  in  diameter  and  2  mm  in  thickness 
was  pressed  and  bisque-fired  at  950  °C.  Platinum  paste  was  applied 
as  a  thin  and  a  narrow  strip  on  one  face  of  the  disk.  A  slurry  of  8YSZ 
was  prepared  in  butyl  alcohol.  The  YSZ  slurry  was  drop-coated  over 
most  of  the  disk  surface  with  the  platinum  strip  except  for  a  small 
part  of  the  Pt  strip.  The  bi-layer  cell  was  sintered  at  1450  °C  for  4 
hrs.  The  YSZ  layer  thickness  was  50  p,m.  The  YSZ  +  ceria  layer  was 
ground  down  to  ~1.5  mm  from  the  other  side.  Platinum  paste  was 
applied  as  electrodes  on  the  two  surfaces  of  the  disk.  A  thin  layer  of 
platinum  as  a  reference  electrode  was  also  applied  on  the  YSZ  layer 
for  measuring  voltage  between  this  (exposed)  electrode  and  the 
embedded  electrode  positioned  at  YSZ/YSZ  +  ceria  interface.  Plat¬ 
inum  wires  were  attached  to  all  electrodes.  Exposed  part  of  the 
embedded  reference  electrode  was  coated  with  a  paste  of  an  oxygen 
impermeable  sealing  glass  in  ethylene  glycol,  and  fired  at  850  °C  to 
isolate  it  from  the  atmosphere  [22].Cell  test:  The  bi-layer  disk  was 
loaded  in  a  test  fixture  and  inserted  into  a  tube  furnace.  A  voltmeter 
was  connected  between  the  surface  and  embedded  reference  elec¬ 
trodes.  The  disk  was  heated  to  800  °C  in  air.  A  DC  voltage  (1 V)  was 
applied  across  the  cell,  with  the  YSZ  side  electrode  functioning  as 
cathode  and  the  YSZ  +  ceria  side  electrode  as  anode.  That  is,  oxy¬ 
gen  was  pumped  through  the  cell  from  cathode  to  anode.  Voltage 
between  the  two  reference  electrodes  was  continuously  monitored. 
Fig.  6  shows  a  schematic  of  the  bi-layer  sample  and  test  procedure. 

3.  Results  and  discussion 

3.1.  Demonstration  of  abnormal  behavior  in  an  alkaline  cell 
battery 

Voltage-current  behaviors  for  D  and  AAA  cells  were  measured. 
The  OCV  for  each  cell  was  ~1.55  V.  The  resistances  of  D  and  AAA  cells 
were  0.267  £2  and  0.453  £2,  respectively.  Fig.  7(a)  shows  results  of 
a  battery  test  in  which  eight  D  cells  and  one  AAA  cell  were  con¬ 
nected  in  series.  Upper  trace  is  for  the  complete  battery.  The  OCV 
was  ~14.2  V  and  the  battery  resistance  was  ~2.275  £2.  The  lower 
trace  is  for  the  AAA  cell  in  the  battery.  At  a  current  of  ~2.9  A,  the 
battery  voltage  was  ~8.2  V.  The  corresponding  voltage  across  the 
AAA  cell  was  ~0  V.  Beyond  2.9  A,  the  AAA  cell  operated  under  a  neg¬ 
ative  voltage.  The  voltage  on  this  cell  also  continued  to  decrease 
(increase  in  magnitude)  at  constant  current  once  voltage  was  neg¬ 
ative  (Fig.  7(b)).  This  represents  abnormal  behavior  for  the  cell 
operating  under  a  negative  voltage  and  results  from  a  significantly 
greater  resistance  than  the  D  cells.  The  maximum  current  passed 
through  the  battery  was  4.5  A.  The  corresponding  voltage  across  the 
battery  was  ~5.0V,  that  across  each  D  cell  was  ~0.645  V  and  that 
across  the  AAA  cell  was  -0.4  V,  which  kept  decreasing  (increas¬ 
ing  in  magnitude).  The  test  demonstrated  that  a  cell  with  a  higher 
resistance  than  the  remaining  cells  in  a  battery  could  be  operated 
under  a  negative  voltage  and  continued  to  degrade.  This  constitutes 
abnormal  behavior.  The  main  objective  of  this  work  is  to  exam¬ 
ine  the  role  of  abnormal  cell  behavior  in  an  SOFC  stack  and  its 
implications  concerning  stack  failure. 

3.2.  Solid  oxide  fuel  cell  (SOFC)  tests  without  and  with  an  applied 
DC  bias 

Fig.  8  shows  results  of  an  SOFC  test  under  no  applied  bias. 
The  OCV  was  ~1.04V.  Once  the  cell  stabilized  an  external  load 
was  connected  and  the  cell  was  operated  under  a  constant 
current  (4  =  0.82  A  cm-2)  for  ~360min  (6h).  The  voltage  ini¬ 
tially  varied  from  ~0.6V  to  ~0.645V  for  an  hour,  indicating  a 
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Fig.  7.  (a)  Voltage  vs.  current  performance  test  on  a  battery  with  eight  D  cells  and  one 
AAA  cell  in  series.  For  current  >2.9  A,  the  AAA  cell  operated  under  a  negative  voltage 
-  that  is  behaving  abnormally,  (b)  Voltage  vs.  time  across  the  eight  D  cells  +  one  AAA 
cell  battery  and  across  the  AAA  cell  as  the  external  load  was  varied.  Once  the  voltage 
across  the  AAA  cell  became  negative,  the  cell  began  to  degrade. 

slight  improvement  in  performance.  Thereafter,  voltage  remained 
constant,  indicating  stable  cell  performance.  The  cell  ASR  was 
Rc^ 0.482 ^cm2.  A  DC  bias  Eb^2V  was  then  applied  as  shown 
in  Fig.  3(a).  The  corresponding  cell  voltage  was  -0.142  V  (anode 
at  a  higher  voltage  than  cathode -cell  operation  under  a  neg¬ 
ative  voltage).  The  test  was  conducted  under  constant  current 
(4  =  2.14  A  cm-2).  The  cell  voltage  continually  decreased  (increase 
in  magnitude),  similar  to  imbalance  in  alkaline  cell  tests  (Fig.  7(b)). 


-50  0  50  100  150  200  250  300  350  400 

time  (min) 


Fig.  8.  A  single  SOFC  test  at  800  °C  with  hydrogen  as  fuel  and  air  as  oxidant.  Stable 
performance  over  the  duration  of  the  test  (~6  h). 


time  (min) 


Fig.  9.  Operation  of  the  cell  under  an  applied  DC  bias  with  cell  operating  under  a  neg¬ 
ative  voltage  and  in  a  constant  current  mode  (current  density  =  2.14  A  cm-2).  Over 
the  duration  of  test  (~200min),  cell  voltage  decreased  from  -0.142  V  to  -0.469  V. 

After  about  200  min,  the  Vc  dropped  to  -0.469  V  at  an  approximate 
rate  of  -1.6  mV  min-1  and  to  maintain  current  constant,  Eb  auto¬ 
matically  increased  to  ~2.3V  (Fig.  9).  The  bias  was  removed  and 
the  cell  was  maintained  under  open  circuit  condition  for  a  period 
of  time.  Again  a  DC  bias  was  applied  and  the  cell  was  operated 
at  /L  =  2.17  A  cm-2  for  about  10  min.  The  Vc  initially  was  -0.77  V 
and  decreased  to  -1.0  V  at  a  rate  of  -23  mV min-1  (Fig.  10).  The 
corresponding  Eb  varied  between  3.2  V  and  3.3  V.  The  lower  ini¬ 
tial  voltage  (higher  magnitude)  at  the  beginning  of  the  second  test 
(-0.77  V)  compared  to  that  at  the  end  of  the  first  test  (-0.469  V) 
indicated  that  cell  resistance  continued  to  increase  after  the  end  of 
first  test  even  when  idling.  That  is,  damage  induced  during  the  first 
test  continued  to  propagate  even  when  idled.  The  cell  was  cooled 
to  room  temperature  and  examined  visually.  It  was  observed  that 
the  cell  had  delaminated.  The  cross  section  of  the  delaminated  cell 
was  examined  in  an  SEM.  Fig.  11(a)  shows  that  the  YSZ  electrolyte 
layer  was  bonded  to  the  cathode  but  had  completely  delaminated 
from  the  anode.  Another  cell  was  subjected  to  a  similar  test.  The 
cell  was  removed  in  a  partially  delaminated  state.  Fig.  11(b)  shows 
that  in  this  case  also,  delamination  occurred  along  (actually  close 
to)  the  electrolyte/anode  interface  (just  inside  the  electrolyte). 

The  observations  just  described  have  important  implica¬ 
tions.  First,  this  means  high  p02  in  the  electrolyte  just  under 
anode/electrolyte  interface  must  have  formed  when  operated 


Fig.  10.  Another  test  at  a  constant  current  of  2.17  A  cm  2  under  an  applied  DC  bias 
on  the  same  cell  as  in  Fig.  9.  The  cell  voltage  varied  between  -0.77  V  and  -1.0  V. 
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Fig.  11.  (a)  An  SEM  micrograph  of  a  fully  delaminated  cell  showing  that  delamination 
occurs  along  the  electrolyte/anode  interface  with  the  cathode  well  bonded  to  the 
electrolyte,  (b)  An  SEM  micrograph  of  another  partially  delaminated  cell  showing 
that  delamination  occurs  along  the  electrolyte/anode  interface  with  the  cathode 
well  bonded  to  the  electrolyte. 


under  a  negative  voltage  causing  delamination.  In  ref.  [15],  case  cor¬ 
responding  to  a  high  pressure  buildup  in  the  electrolyte  just  under 
cathode/electrolyte  interface  was  examined.  As  described  in  refs. 
[15,21],  relative  transport  properties  of  interfaces  and  electrolyte 
dictate  the  variation  of  /z o2  through  the  electrolyte.  The  observation 
of  delamination  at  the  anode/electrolyte  is  consistent  with 

Mo2  ~  Mo2  -  4erf'  |/;|  ~  Mo2  -  4erf'  |lL  <  Mo2  (10) 

and 

Mo2  ~  M o2  +  4 erf  |/||  ~  m"2  +  4 erf  \  IL  |  >  m"2  >  fic02  ( 11 ) 

No  data  are  available  on  various  transport  parameters 
(rf',  r£',  rf ,  rf ,  rf ,  r|'),  and  thus  the  /z02  profile  through  the  YSZ 
electrolyte  at  the  present  cannot  be  determined  with  certainty. 

3.3.  Development  and  measurement  of  high  internal  p0l  in  a 
bi-layer  cell 

An  experiment  with  embedded  electrode  was  conducted  to  ver¬ 
ify  the  formation  of  high  po2  under  electrolytic  conditions.  Fig.  6 
shows  a  schematic  of  a  bi-layer  sample  YSZ/YSZ  +  5%  Ce02  (added 
to  increase  electronic  conductivity).  Fig.  12  shows  the  measured 
voltage  between  the  reference  electrode  on  the  YSZ  surface,  and 
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Fig.  12.  Voltage  measured  between  the  embedded  reference  electrode  at  the 
YSZ/YSZ  +  ceria  interface  and  the  one  on  the  YSZ  surface  with  DC  voltage  (IV) 
applied.  The  maximum  estimated  interface  po2  was  ~715  atm.  Subsequent  decrease 
in  the  measured  voltage  between  the  reference  electrodes  signifies  interface  crack¬ 
ing  thereby  releasing  the  pressure. 


the  embedded  electrode,  namely  <pE  -  <Ps-  Before  applying  1 V  DC, 
the  (Pe~(Ps  was  ~0V,  consistent  with  p02  at  the  interface  about 
the  same  as  in  the  ambient  atmosphere.  Once  1 V  DC  was  applied, 
after  ~55  min,  the  <pE  -  <ps  increased  sharply,  reaching  a  value  of 
~0.22  V.  Rapid  increase  in  voltage  implies  that  volume  pressurized 
at  the  interface  is  quite  small,  as  the  time  constant  for  pressur¬ 
ization  is  a  monotonic  function  of  volume  [19,20].  This  represents 
pressurization  of  small  interface  defects,  labels  (i)  and  (ii)  in  Fig.  12. 
The  sharp  rise  in  <pE  -  <ps  was  followed  by  a  slow  drop  to  ~0.08  V 
in  ~35min  (total  ~90min  from  start  of  experiment),  and  then 
continued  to  increase  for  additional  3  h.  The  slow  drop  in  <pE  -  <ps 
denotes  slow  growth  of  interface  cracks/voids  (labels  (iii)  and  (iv) 
in  Fig.  12).  The  slow  increase  in  <pE  -  (ps  after  ~100  min  is  consistent 
with  a  partially  delaminated  interface  and  a  higher  pressurization 
volume,  label  (v)  in  Fig.  12.  Thereafter,  the  applied  voltage  was 
removed  and  the  test  was  terminated.  If  the  test  had  been  con¬ 
tinued,  cracking  along  the  interface  is  expected,  as  discussed  in  ref. 
[20]. 

Assuming  electrode  polarization  is  small  compared  to  the  ohmic 
loss,  most  of  the  applied  1 V  DC  drops  across  the  sample  as  ohmic 
loss.  Ionic  conductivities  of  YSZ  and  YSZ +  5%  Ce02  are  about  the 
same.  Thus,  50/1550  or  ~0.032  V  drops  across  the  YSZ  layer.  Ifpo2 
at  the  interface  were  the  same  as  in  the  atmosphere,  <pE  -  <ps  would 
have  been  ~0.032  V.  The  maximum  measured  cpE-cps^  0.22  V.  This 
means  there  is  an  internal  EMF  due  to  a  different  p02  at  the  interface 
[21  ].  The  corresponding  EMF E,  is  given  by  E  ^  0.22  -  0.032  =  0.188  V. 
Thus,  the  po2  at  the  interface  is  given  by 


pig 


:  po2 


=  0.21  exp 


/4  x  0.188  x  1.6  x  10“19\ 

V  1.38  x  10“23  x  1073  ) 


«  715  atm  «  10,  000  psi 


(12) 


This  calculation  shows  that  a  very  large  po2  develops  at  the  inter¬ 
face.  Decrease  in  <pE  -  (ps  thereafter  reflects  release  of  pressure  as 
cracks  develop  at  the  interface  (labels  (ii),  (iii)  and  (iv)  in  Fig.  12). 
As  discussed  in  ref.  [20],  while  high  pressure  develops,  cracking 
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occurs  in  a  slow  and  a  stable  manner7.  At  the  minimum  point 
(~0.08  V),  the  pg£  ~  1.65  atm.  At  the  end  of  experiment,  (Pe-(Ps 
was  ~0.125  V,  which  corresponds  to  ~  11 .5  atm  (label  (v)).  The 
expectation  is  that  additional  cracking  will  occur  when  pressure 
builds  to  a  value  sufficient  to  again  satisfy  fracture  mechanical 
criteria  [20].  This  experiment  confirms  the  development  of  high 
internal  pressures  under  imposed  electrolytic  conditions  in  solid 
electrolytes.  The  objective  of  this  experiment  was  to  demonstrate 
the  formation  of  high  internal  po2  under  imposed  electrolytic 
conditions. 


3.4.  Analysis  of  internal  pressure  in  an  SOFC  operating 
abnormally 


In  terms  of  Nernst  voltage,  E,  cell  voltage,  Vc ,  and  various  ionic 
and  electronic  resistances,  /x02’s  in  the  electrolyte  just  under  the 
cathode  and  the  anode,  are  given  by  ref.  [15] 


Mo2  =  Mo2+4e 

Mo2  =  Vo2  -  4e 
where 


rf(Vc-E) 

R, 

rf(Vc-E) 

Ri 


Ri  =  if  +  rf  +  rf 
Re  =  r%  +  rf 1  +  rf 


rJVc  } 

Re  j 

rgVc  1 

Re  J 


(13) 

(14) 


(15) 

(16) 


in  which  rf  and  rf1  are  respectively  electrolyte  ionic  and  electronic 
area  specific  resistances. 

Using  Eq.  (9),  for  a  cell  test  under  a  DC  bias  Eqs.  (13)  and  (14) 
can  also  be  given  in  terms  of  the  bias  voltage  Eb.  In  what  follows  we 
will  describe  /r o2  in  terms  of  cell  voltage,  Vc  (Eqs.  (13)  and  (14)). 
The  difference  /if,  -  Hq2  is  thus  given  by 


Mq2  -  Mq2  =  m£2  ~  Mo2  +  4e  • 


(rf  +  rfXE-  Vc)  (rf  +  rf)Vc' 

Ri  +  Re 


(17) 


or 

Mo2  -  Mo2  =  ~4eE  +  4e 
where  we  have  written 


(rf  +  rfXE-Vc)  ( 


rj  +  rg)Vc] 

Re  J 


(18) 


Mo2-Mo  2=4eE  (19) 

Now  (rf  +  r*)/R[  <  1  and  (r£  +  r*)/Re  <  1.  If  the  cell  is  operating 
normally,  E>VC>  0 

we  have  4 e{((rc  +  rf)/Ri)(E  -  Vc)  +  ((r£  +  r*)/Re)Vc}  <  4 eE  and 
thus  from  Eq.  (18),  note  that  /xj^  -  /x^2  <  0.  It  also  follows  that, 

m"2  <Mo2  <Mo2  <Mo2[21]. 

When  a  cell  is  operating  abnormally,  Vc  <  0  and  Eq.  (17)  becomes 

8 


Mo,  -  Mo,  =  Mo,  -  Mo, 


+  4e  - 


(rf+rf'XjVcI+E)  (rf  +  if )  |  Vc  | 


(20) 


7  The  actual  oxygen  pressure  at  the  interface  can  be  high  but  the  net  amount  of 
oxygen  as  a  gas  may  be  negligible.  Also,  cracking  is  slow  and  stable  since  the  rate  of 
pressure  generation  is  a  function  of  the  current  [20]. 

8  ‘Primes’  are  placed  over  the  specific  resistances  (transport  parameters)  and 
chemical  potentials  to  emphasize  abnormal  cell  behavior. 


Time  (min) 

Fig.  13.  Test  on  an  another  SOFC.  The  initial  voltage  vs.  current  density  performance 
is  given  in  the  first  part  of  the  plot  (~25  to  ~50  min).  The  second  part  of  the  plot  (~50 
to  ~60  min)  shows  test  under  an  applied  bias  with  cell  operating  under  a  negative 
voltage  under  a  constant  current  (~2.13-2.14  A  cm-2).  The  last  part  of  the  plot  (~62 
to  ~130min)  is  cell  performance  measurement. 


Now,  relative  values  of  (rc/  +  rf)/^  and  (r^  +  r*')/R'e  deter- 
mine  the  sign  of  Mo2  “  Mo2-  If  (rf  +  r?')(|vc|  +E)/R[  >  (rf  + 
rf')|Vc|/Re,  note  that  the  term  in  {}  in  Eq.  (20)  is  positive.  In 
the  extreme  case,  if  (r£  +  r*')/R'e  %  0  (easy  electron  transfer  across 
interfaces)  but  (rf'  +  rf)/R'{  ^  1  (difficult  ion  transfer  across  inter¬ 
faces),  we  have 

Mo2  -  Mo2  ^  Mo2  -  Mo2  +  4e(  |  Vc  |  +  E)  (21 ) 

Using  (19),  Eq.  (21)  reduces  to 

Mo2-Mo>4e|^c|  >0  (22) 

That  is,  /x^2  >  /x£  ,  and  depending  upon  the  magnitude  of 
cell  voltage  (with  Vc  <  0),  high  pressures  can  develop  just  under 
anode/electrolyte  interface  (into  the  electrolyte)  leading  to  delam¬ 
ination  along  (close  to)  electrolyte/anode  interface.9  This  in  fact  is 
the  case  observed  in  the  present  work. 

The  observation  that  cell  delaminates  at  the  anode/electrolyte 
interface  when  operated  under  a  negative  voltage  (Fig.  11 )  is  consis¬ 
tent  with  Eq.  (21 ),  which  is  consistent  with  high  ionic  area  specific 
resistances  across  electrode/electrolyte  interfaces.  It  is  understood 
that  many  different  scenarios  are  possible  depending  upon  relative 
values  of  ionic  and  electronic  transport  parameters  as  described  in 
ref.  [21].  Yet,  all  scenarios  are  based  on  a  cell  in  a  stack  behaving 
abnormally. 

3.5.  Progress  of  interface  delamination  in  a  cell  subjected  to 
repeated  operation  under  a  negative  cell  voltage 

Fig.  13  shows  the  results  of  a  test  on  a  cell  subjected  to  alter¬ 
nate  measurement  of  cell  characteristics  followed  by  alternate 
operation  under  a  negative  voltage.  Fig.  13  shows  the  Vc  during 
initial  performance  test  (from  ~25  to  ~50min).  The  Vc  was  varied 
between  ~0.35  V  and  the  OCV  (~1.05  V).  The  corresponding  volt¬ 
age  vs.  current  density  plot  is  given  in  Fig.  14  (trace  a  -  cell  ASR 
~0.35  £2cm2).  A  DC  bias,  Eb ,  of  ~1.0  V  was  then  applied  to  induce 


9  The  case  considered  in  ref.  [15]  was  corresponding  to  difficult  electron  transfer 
and  easy  oxygen  ion  transfer  across  interfaces,  in  which  case  high  pressure  develops 
in  the  electrolyte  just  under  the  cathode  -  leading  to  cathode  delamination. 
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Current  Density  (A/cm2) 


Fig.  14.  Voltage  vs.  current  density  plots  corresponding  to:  (a)  initial  test  (prior  to 
applying  a  DC  bias)  (ASR  ~0.35  ficm2 ),  (b)  after  first  operation  under  a  DC  bias  (ASR 
~0.538  £2cm2 ),  (c)  after  the  second  test  under  a  DC  bias  (ASR  ~0.984  £2cm2 ).  Increase 
in  ASR  when  operated  under  DC  bias  is  due  to  delamination. 

abnormal  behavior.  The  corresponding  Vc  ~  -0.15  V  and  the  current 
density  ~2.13  A  cm-2.  The  test  was  conducted  at  a  constant  current 
for  ~10  min  over  which  the  Eb  automatically  increased  to  ~1.5  V  as 
cell  degraded  (decrease  of  Vc  -  increase  in  magnitude).  The  bias 
was  then  removed.  The  OCV  immediately  after  was  ~0.8  V,  which 
gradually  increased  to  ~1.05  V  (Fig.  13).  Another  cell  test  was  per¬ 
formed  as  shown  in  Fig.  13  with  Vc  varied  between  ~0.28V  and 
OCV  (from  ~62  to  ~130  min).  The  voltage  vs.  current  density  plot  is 
given  in  Fig.  14  (trace  b  -  ASR  ~0.538  ^cm2  which  is  considerably 
greater  than  in  the  initial  test  (ASR  ~0.35  ficm2)). 

Finally,  another  test  under  a  negative  cell  voltage  was  con¬ 
ducted.  An  Eb  ~1.3  V  was  applied.  The  corresponding  Vc  — 0.43  V 
and  the  current  density  ~2.1  A  cm-2.  The  test  was  conducted  for 
10  min  under  a  constant  current  over  which  the  Vc  decreased  to 
— 0.78  V  (Fig.  15).  The  external  bias  was  removed  and  a  perfor¬ 
mance  test  was  conducted  (Fig.  14  -  trace  c,  ASR  ~0.984  £2cm2). 
Towards  the  end  of  test,  OCV  began  to  fluctuate  (Fig.  15).  The 


Fig.  15.  Test  on  the  same  cell  as  in  Fig.  13.  The  initial  part  (up  to  ~150min)  shows 
test  under  the  second  application  of  DC  bias  and  operation  under  a  negative  cell 
voltage  at  constant  current  (2.11  A  cm-2).  The  cell  voltage  varied  between  -0.43  V 
and  -0.78  V.  The  second  part  (~150  to  ~200  min)  of  the  figure  shows  the  results  of 
cell  performance  test  (ASR  ~0.984  £2cm2).  Voltage  vs.  current  density  plot  is  given 
in  Fig.  14  (trace  c). 

fluctuations  are  consistent  with  the  occurrence  of  substantial 
delamination. 

3.6.  Analysis  of  delamination 

Fig.  16(a)  shows  the  variation  of  /x02  though  the  electrolyte  in 
a  cell  behaving  abnormally  [15,21].  The  maximum  /x02  occurs  in 
the  electrolyte  just  under  the  anode/electrolyte  interface.  The  cor¬ 
responding  po2  may  be  quite  high  -  may  be  several  atmospheres. 
Just  outside  the  electrolyte,  into  the  porous  anode,  the  total  pres¬ 
sure  (fuel)  is  ~  1  atm.  That  is,  there  is  an  abrupt  change  in  pressure 
at  the  interface.  Any  defects  such  as  small  pores,  grain  bound¬ 
aries,  will  develop  large  pressure  (p02 ) an^  delamination  will  begin. 


(a) 


Mo, 


Electrolyte 


(c) 


„// 

Mo7 


Anode 


Cathode 


Electrolyte 


Anode 


Delamination  Cracks 


Fig.  16.  (a)  A  schematic  showing  the  variation  of  /xq2  through  a  cell  behaving  abnormally.  Delamination  initiates  within  the  electrolyte,  very  close  to  the  anode/electrolyte 
interface,  and  then  links  up  with  the  interface  resulting  in  delamination  along  the  interface,  (b)  A  schematic  showing  the  original  cell,  prior  to  subjecting  to  a  negative  voltage, 
(c)  A  schematic  showing  the  formation  of  delamination  cracks  along  the  electrolyte/anode  interface  after  subjecting  the  cell  to  negative  voltage,  (d)  A  schematic  showing 
growth  and  coalescence  of  delamination  cracks  along  the  electrolyte/anode  interface  with  further  accumulation  of  damage. 
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The  formed  cracks  will  easily  link  up  with  the  anode/electrolyte 
interface  effectively  reflecting  the  delamination  as  being  along  the 
anode/electrolyte  interface,  even  when  its  initiation  is  just  inside 
the  electrolyte.  In  the  following  discussion,  the  delamination  will  be 
referred  to  as  being  occurring  along  the  anode/electrolyte  interface 
while  still  recognizing  that  its  origin  is  just  inside  the  electrolyte. 

The  initial  ASR  of  the  cell  was  R°  «  0.35  ^2cm2.  Fig.  16(b)  shows 
a  schematic  of  the  cell  prior  to  testing  under  a  negative  cell  voltage. 
Delamination  along  (close  to)  an  interface  should  reflect  as  increase 
in  ASR  with  the  ASR  being  inversely  proportional  to  the  area  fraction 
of  non-delaminated  portion  of  the  interface.  If  the  delaminated  area 
fraction  is  Adel,  the  corresponding  cell  ASR  is  given  by 


Rc=(l 

ivc 

—  ^del ) 

(23) 

or 

R°r 

^del  —  1 

~  Rc 

(24) 

After  the  first  test  under  a  DC  bias,  the  Rc  ~  0.538  ^cm2.  The  cor¬ 
responding  Adel « 1  -  (0.35/0.538) «  0.35;  that  is  ~35%  of  interface 
had  delaminated.  Fig.  16(c)  shows  a  schematic  with  delamination 
along  anode/electrolyte  interface  (in  principle  in  the  electrolyte  just 
under  the  interface).  Delamination  may  originate  at  a  number  of 
places.  At  the  end  of  second  test,  the  Rc  ~0.984£2cm2,  with  the 
corresponding  Adel « 1  -  (0.35/0.984)  %  0.64  or  ~64%  of  the  inter¬ 
face  had  delaminated.  Fig.  16(d)  shows  a  schematic  of  this  situation. 
After  the  second  test,  interface  was  almost  completely  delaminated 
(and  consistent  with  unstable  voltage  in  Fig.  15  beyond  ~200  min). 
Fig.  11  shows  SEM  images  of  typical  delaminated  cells.  Indeed, 
extensive  delamination  is  apparent.  An  important  point  is  that  the 
total  duration  over  which  the  cell  was  operated  under  a  negative 
voltage  was  only  about  20  min.  These  results  thus  suggest  that  in 
a  real  stack,  once  conditions  leading  up  to  abnormal  behavior  set 
in,  subsequent  degradation  may  occur  within  minutes,  in  accord 
with  the  analysis  given  in  ref.  [15].  It  was  observed  that  damage 
continued  to  grow  even  when  the  bias  was  removed,  indicating 
that  cracks  continue  to  grow  under  the  internal  pressure  built  up. 
Many  mechanisms  of  slow  (sub  critical)  crack  growth  in  ceramics 
are  well  known  and  continued  damage  during  idling  is  expected, 
as  observed.  This  explains  the  observed  lower  (larger  in  magnitude 
but  negative  in  sign)  cell  voltage  at  the  beginning  of  second  test 
(Fig.  10)  than  the  end  voltage  of  the  first  test  (Fig.  9). 

3. 7.  Implications  concerning  SOFC  stack  life 

The  present  work  shows  that  once  a  cell  begins  to  operate  abnor¬ 
mally  (under  a  negative  voltage),  degradation  may  be  very  rapid. 
Thus,  stack  life  in  situations  where  cell  imbalance  occurs  is  the  time 
required  for  establishing  conditions  leading  up  to  cell  imbalance. 

4.  Summary 

Using  conventional  alkaline  cells,  a  battery  with  eight  D  cells  and 
one  AAA  cell  connected  in  series  was  tested.  It  was  demonstrated 
that  the  AAA  cell  could  be  operated  under  a  negative  voltage  due 
to  cell  imbalance.  Once  operation  under  a  negative  voltage  com¬ 
menced,  the  AAA  cell  began  to  rapidly  degrade  as  reflected  in  rapid 
drop  in  voltage.  The  objective  of  this  test  was  to  demonstrate  cell 
degradation  due  to  cell  imbalance  in  batteries.  In  order  to  electro- 
chemically  generate  and  measure  high  internal  oxygen  pressure 


in  solid  electrolytes,  a  bi-layer  cell  of  YSZ/YSZ  +  ceria  was  made 
and  tested  under  an  applied  1 V  DC.  An  embedded  reference  elec¬ 
trode  was  positioned  at  the  interface.  From  the  measured  voltage 
across  reference  electrodes,  it  was  estimated  that  a  po2  as  high  as 
~715atm  could  be  generated  before  the  onset  of  cracking.  These 
two  experiments  established  the  basis  for  the  subsequent  work  on 
SOFC  stack  degradation.  The  main  objective  of  this  work  was  to 
explore  solid  oxide  fuel  cell  stack  degradation  due  to  cell  imbal¬ 
ance.  Anode-supported  solid  oxide  fuel  cells  were  tested  at  800  °C 
with  H2  as  fuel  and  air  as  oxidant.  In  order  to  simulate  ‘bad’  cell 
behavior  (the  one  with  higher  resistance  and  operating  under  a 
negative  voltage),  a  DC  bias  was  applied  to  force  the  cell  to  oper¬ 
ate  under  a  negative  voltage.  As  soon  as  the  cell  began  to  operate 
under  a  negative  voltage,  it  began  to  degrade  which  reflected  as 
decreasing  cell  voltage  (increasing  magnitude).  Subsequent  post 
test  examination  showed  that  delamination  occurred  along  (in  the 
electrolyte  -  close  to  the  interface)  the  electrolyte/anode  interface. 
The  origin  of  delamination  is  related  to  the  development  of  high 
internal  p02  into  the  electrolyte,  just  under  the  electrolyte/anode 
interface.  This  work  shows  that  SOFC  stack  degradation  will  likely 
occur  if  cell  imbalance  occurs.  The  propensity  to  stack  degradation 
is  expected  to  increase  with  increasing  number  of  cells  in  a  stack. 
Also,  once  a  cell  becomes  bad,  subsequent  degradation  may  be  very 
rapid  -  perhaps  within  a  matter  of  minutes. 
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